Oligomerization of G protein-coupled receptors has been described, but its structural basis and functional importance have been inconsistent. Here, we demonstrate that the agonist occupied wild-type secretin receptor is predominantly in a guanine nucleotide-sensitive high-affinity state and exhibits negative cooperativity, whereas the monomeric receptor is primarily in a guanine nucleotide-insensitive lower affinity state. We previously demonstrated constitutive homodimerization of this receptor through the lipid-exposed face of transmembrane (TM) IV. We now use cysteine-scanning mutagenesis of 14 TM IV residues, bioluminescence resonance energy transfer (BRET), and functional analysis to map spatial approximations and functional importance of specific residues in this complex. All, except for three helix-facing mutants, trafficked to the cell surface, where secretin was shown to bind and elicit cAMP production. Cells expressing complementary-tagged receptors were treated with cuprous phenanthroline to establish disulfide bonds between spatially approximated cysteines. BRET was measured as an indication of receptor oligomerization and was repeated after competitive disruption of oligomers with TM IV peptide to distinguish covalent from noncovalent associations. Although all constructs generated a significant BRET signal, this was disrupted by peptide in all except for single-site mutants replacing five residues with cysteine. Of these, covalent stabilization of receptor homodimers through positions of Gly 243 , Ile 247 , and Ala 250 resulted in a GTP-sensitive highaffinity state of the receptor, whereas the same procedure with Ala 246 and Phe 240 mutants resulted in a GTP-insensitive lower affinity state. We propose the existence of a functionally important, structurally specific high-affinity dimeric state of the secretin receptor, which may be typical of family B G proteincoupled receptors.
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Dimerization of single transmembrane tyrosine kinase receptors is well recognized as a critically important mechanism for the complementary cross-phosphorylation and activation of these receptors (Overton et al., 2003) . Oligomerization has also been reported for heptahelical G protein-coupled receptors (GPCRs) (Milligan, 2008) , but the structural rules and functional implications of these interactions are not well understood. Some receptors are thought to self-associate (homo-oligomerization), whereas some can associate with other receptors (hetero-oligomerization); both of these events are described to occur constitutively, in response to agonist occupation, or even with such occupation disrupting oligomeric complexes (Cheng and Miller, 2001; Ding et al., 2002; Carrillo et al., 2003; Ayoub et al., 2004) . There are reports of the state of GPCR oligomerization affecting affinity of natural ligands, changing the selectivity of ligand binding, modifying biological responses, and affecting receptor regulation (Stanasila et al., 2003; Albizu et al., 2006; Hague et al., 2006; Milligan and Smith, 2007; Franco et al., 2008) . No clear rules yet exist for the specificity of receptor association or for its functional implications. There is even less understanding regarding the valency of the oligomeric complexes and how structurally distinct these complexes might be.
We previously demonstrated constitutive, agonist-independent homo-oligomerization of the family B secretin receptor (Ding et al., 2002) . It is of particular interest that this was also demonstrated to reflect the dimeric state, rather than a higher order oligomeric state (Harikumar et al., 2008a) . Consistent with that interpretation, there was no effect of the extracellular amino-terminal tail region or the intracellular carboxyl-terminal tail region on dimerization, only one of seven transmembrane (TM) segments, the fourth such segment (TM IV), contributing to the interaction (Harikumar et al., 2007) . That report identified the lipid-exposed residues, Gly 243 and Ile 247 , as playing a key role in the dimerization (Harikumar et al., 2007) .
The goal of the current project was to extend our understanding of the homodimeric state of the secretin receptor, both structurally and functionally. We used cysteine-scanning mutagenesis of 14 residues within TM IV. All constructs were fully characterized to ensure normal biosynthesis, trafficking, and surface expression, as well as their functional integrity. Receptor constructs tagged at the carboxyl terminus with Renilla reniformis luciferase (Rlu) or with yellow fluorescent protein (YFP) were studied using bioluminescence resonance energy transfer (BRET) before and after treatment with cuprous phenanthroline (CuP), an oxidizing reagent that promotes the formation of disulfide bonds between spatially approximated cysteine residues. BRET was measured as an indication of oligomerization and was repeated after specific competitive disruption of oligomers with synthetic secretin receptor TM IV peptide to distinguish covalent from noncovalent associations between the receptor constructs. Radioligand binding was performed to assess the functional status of the particular complexes. Of particular interest, only a subset of the lipid-facing residues within TM IV were found to be capable of forming disulfide-bonded homodimeric complexes reflecting their symmetrical spatial approximation, and only a further subset of these were able to establish the normal high-affinity state of this receptor reflecting structural specificity of this important functional state of the receptor.
The combination of the observations of homodimerization of the secretin receptor without higher order oligomerization (Harikumar et al., 2008a) , a structurally specific single interface for the dimers (Harikumar et al., 2007) , and differential functional impact of different dimeric receptor structures provides strong evidence for the existence of a functionally important, structurally specific high-affinity homodimeric state of this receptor. This theme may also be typical of family B G protein-coupled receptors, given the association of multiple members of this family with the secretin receptor that has already been demonstrated (Harikumar et al., 2006b (Harikumar et al., , 2008b .
Materials and Methods

Materials.
Reagents for molecular biological techniques were obtained from New England Biolabs (Ipswich, MA), Stratagene (La Jolla, CA), Eppendorf (Hamburg, Germany), and QIAGEN (Valencia, CA). A 27-amino acid peptide representing secretin receptor TM IV was synthesized as described previously (Harikumar et al., 2007) . Coelenterazine h was from Biotium (Hayward, CA). The [Tyr 10 ]secretin peptide was radioiodinated with the solid-phase oxidant iodobeads (Pierce Chemical Co., Rockford, IL) and purified using reversed-phase high-performance liquid chromatography to yield a specific radioactivity of approximately 2000 Ci/mmol.
Plasmids and Mutagenesis. Recombinant human secretin receptor constructs tagged with Rlu or YFP in frame at its carboxyl terminus were subcloned into the eukaryotic expression vector pcDNA3.0 (Invitrogen), as described previously (Harikumar et al., 2007) . Receptor point mutations were prepared using the QuikChange kit from Stratagene (La Jolla, CA). Each of the mutated receptor constructs was confirmed by direct DNA sequence analysis.
Cell Cultures and Transfection. African green monkey kidney (COS-1) cells were used for the transient expression of receptor constructs. These were grown in Dulbecco's modified Eagle's medium supplemented with Fetal Clone II (HyClone, Logan, UT) on tissue culture plasticware in a humidified atmosphere of 5% CO 2 at 37°C. The cells were transfected with the wild type and mutant secretin receptor constructs using DEAE-dextran solutions, as described previously (Harikumar et al., 2006b ). For each 10-cm Petri dish, 3 g of plasmid DNA was typically added (unless noted otherwise). For coexpression of Rlu-and YFP-tagged constructs, 1.5 g of each plasmid DNA was added. Cells or their receptor-bearing membranes were studied 48 to 72 h after transfection to allow maximal levels of expression of recombinant protein. Particulate preparations enriched in plasma membranes bearing the secretin receptors were prepared using the sucrose density gradient centrifugation method described previously (Hadac et al., 1996) .
Fluorescence Microscopy. Biosynthesis and cellular trafficking of receptor constructs were evaluated by visualizing fluorescence in COS-1 cells expressing YFP-tagged receptor constructs. The transfected cells grown on 25-mm coverslips were fixed and mounted on microscopic slides. YFP fluorescence was acquired using appropriate spectral settings (excitation, 488 nm argon laser; emission, LP505 filter; pinhole diameter 2.3 airy units) of the confocal microscope (LSM 510; Zeiss, Thornwood, NY) equipped with a Plan-Apochromat 63ϫ/1.4 numerical aperture oil objective.
Characterization of Secretin Receptor Binding. To characterize the ability of receptor constructs to bind secretin, transfected intact cells grown in 24-well plates were studied using a radioligand binding assay. Cells were first washed twice with Krebs-Ringer-HEPES (KRH) medium (25 mM HEPES, pH 7.4, 104 mM NaCl, 5 mM KCl, 1 mM KH 2 PO 4 , 2 mM CaCl 2 , and 1.2 mM MgSO 4 ) supplemented with 0.2% bovine serum albumin and 0.01% soybean trypsin inhibitor. The cells were then incubated with a constant amount of the cell-impermeant radioligand, [ 125 I-Tyr 10 ]secretin (approximately 30,000 dpm) and increasing concentrations of unlabeled secretin (from 0 to 1 M) for 1 h at room temperature to achieve binding equilibrium. Cell-bound radioactivity was quantified with a ␥-spectrometer. Nonsaturable binding was determined in the presence of 1 M unlabeled secretin and represented less than 20% of total binding.
More detailed analysis of secretin binding was performed using plasma membranes expressing wild-type and mutant receptors in analogous assays. Rapid separation of bound from free radioligand was performed by centrifugation at 14,000 rpm at 4°C, and washing twice with ice-cold KRH medium. All assays were performed in duplicate in a minimum of three independent experiments. Data were graphed using the Prism program (ver. 4.0; GraphPad Software, San Diego, CA) and were analyzed using LIGAND (Munson and Rodbard, 1980) . Binding cooperativity was evaluated in a radioligand binding dissociation assay, comparing dissociation of receptor-bound radioligand in the presence of "infinite dilution" (achieved by washing cells and resuspending them in ligand-free buffer) with that in the presence of "infinite dilution" plus a saturating concentration of secretin. Secretin radioligand dissociation was studied in membranes from receptor-bearing cells after allowing receptors to be occupied with [ 125 I-Tyr 10 ]secretin after incubation at 4°C for 60 min. At that time, cells were washed and resuspended in KRH medium at room temperature in the absence or presence of 1 M secretin. Bound and free radioligand were quantified at various points in time up to 40 min.
Characterization of cAMP Responses of Secretin Receptors. To characterize the ability of receptor constructs stimulated with secretin to produce cAMP, we analyzed the cAMP responses to secretin of transfected intact cells grown in 96-well plates. In brief, cells were washed with phosphate-buffered saline (PBS; 154 mM NaCl, 8.1 mM Na 2 HPO 4 , and 1.9 mM NaH 2 PO 4 , pH 7.4) and were exposed to increasing amounts of secretin (0-1 M) diluted in KRH medium supplemented with 0.2% bovine serum albumin, 0.01% soybean trypsin inhibitor, 0.1% bacitracin, and 1 mM 3-isobutyl-1-methylxanthine for 30 min at 37°C. The cells then were lysed using acid and neutralized as described previously (Harikumar et al., 2007) . The resulting supernatants were used in a fluorescence-based competitive-binding cAMP assay (PerkinElmer Life and Analytical Sciences, Waltham, MA) that uses a europium tag and Alexa Fluor 647 in a 384-well white OptiPlate, with LANCE cAMP kit and the 2103 Envision plate reader (all from PerkinElmer Life and Analytical Sciences). Detection was based on time-resolved fluorescence resonance energy transfer.
Receptor Cross-Linking. Chemical cross-linking of wild-type and mutant secretin receptors was performed in PBS. Transfected intact COS-1 cells or enriched receptor-bearing membranes prepared from transfected COS-1 cells were treated with the thiol-reactive cross-linker cuprous phenanthroline (final concentration 1 mM) or with the amine-reactive bifunctional chemical cross-linker disuccinimidyl suberate (DSS; final concentration, 50 M), for 10 min. Reactions were terminated by addition of EDTA (final concentration, 20 mM) or Tris-HCl, pH 7.4 (final concentration, 50 mM), respectively, followed by washing with KRH medium, in preparation for the subsequent BRET and receptor-binding studies.
Bioluminescence Resonance Energy Transfer Assays. Bioluminescence and fluorescence measurements were performed with aliquots of approximately 25,000 transfected intact COS-1 cells coexpressing receptors tagged with Rlu and YFP, as described previously (Harikumar et al., 2007) . Forty-eight hours after transfection, the cells were lifted with nonenzymatic dissociation solution and were resuspended in PBS solution. The cells treated with or without cross-linking reagents were incubated with synthetic secretin receptor TM IV peptide (40 g/ml) for 2 h before performing the BRET assay. For comparison, the BRET signals from the cells without the competitive incubation with receptor TM IV peptide were also measured to reflect receptor oligomerization (independent of the establishment of covalent stabilization). The BRET assay was initiated by adding the cell-permeant Rlu-specific substrate coelenterazine h to the cell suspension to yield a final concentration of 5 M in a 96-well white OptiPlate. Bioluminescence (from Rlu) and fluorescence (from YFP) intensities at 475 nm and 525 nm, respectively, were read in the 2103 Envision fluorescence plate reader. The BRET ratios were calculated based on the ratios of emission (Harikumar et al., 2007) .
BRET titration (saturation) experiments were performed to validate the observations in the static BRET studies (Harikumar et al., 2007) . For this, COS-1 cells were transfected both with a constant amount of donor construct (Rlu-tagged receptor construct at a concentration of 1.0 g of DNA/5 ϫ 10 5 cells) and with increasing amounts of acceptor construct (YFP-tagged receptor construct at concentrations of 0.3 to 6.0 g of DNA/5 ϫ 10 5 cells). BRET assays were performed 48 h after transfection with or without treatment with cuprous phenanthroline, as described above. Fig. 1 . Proposed topology, with depth and orientation of human secretin receptor TM IV residues. Shown is the predicted helical wheel organization of residues within TM III, IV, and V of this receptor [adapted from the GLP-1 receptor model of Donnelly (1997) ]. Residues displayed with white lettering (in gray and black circles) represent the 14 residues studied by cysteine-replacement mutagenesis in the current work, with those predicted to be lipid-exposed displayed as black-filled circles with white lettering. Residue numbering is based on the sequence of the intact wild-type secretin receptor after cleavage of the leader sequence (Dong et al., 1999) . Statistical Analysis. Statistical analysis was performed with GraphPad Prism, using the unpaired t test. Differences with P Ͻ 0.05 were considered to be statistically significant. Molecular Modeling. All molecular modeling activities for this project were implemented in the Internal Coordinate Mechanics (ICM) program . This procedure consisted of three iterative steps: 1) random conformational change of a dihedral angle according to the biased-probability Monte Carlo method ; 2) local minimization of all free dihedral angles; and 3) acceptance or rejection of the new conformation based on the Metropolis et al. (1953) criterion at the simulation temperature, usually around 600 K. This approach can generate and search through diverse sets of molecular conformations by actively sampling a selected set of dihedral angles.
The peptide representing TM IV of the secretin receptor was initially studied in isolation to examine possible modes of peptide dimerization. All-atom models of interacting TM IV segments were created using molecular mechanics simulations combined with distance restraints derived from experimental cross-linking results. Restraints were included for both cross-linking of residues that promoted secretin receptor dimerization in the high-affinity . Separations between C ␤ (C ␣ for glycine) atoms for crosslinked residue pairs were restrained to be in the range of 3.2 to 8.0 Å (2.2 to 5.5 Å for glycine). These distance ranges were determined by increasing the typical separation range of these atoms in disulfide bonds by a 1.5-Å margin to allow for limited structural flexibility. Separations between the corresponding atoms of non-cross-linked residues were constrained to be larger than the upper limit of these distance ranges.
Because proline residues often induce bends in transmembrane helices (Reiersen and Rees, 2001) , two sets of simulations with different protein backbone geometry were performed, one with ideal ␣-helix angles ( ϭ Ϫ60°, ϭ Ϫ45°) and another with a large angle bend at Pro 245 . The backbone torsion angles for the bend were taken from a transmembrane segment in an X-ray structure that has a relatively large 37°proline-induced bend (residues 72-95 from Protein Data Bank code 2rh1). The molecular mechanics simulations were started from 300 different initial conformations and sampled the relative orientations of the helices as well as side-chain torsion angles. The simulations were performed using the ICM program (version 3.5; Molsoft LLC, La Jolla, CA), which performed Monte Carlo global optimization of an energy function that included van der Waals, hydrogen bond, electrostatic, and torsion terms from the Fig. 3 . Effect of cross-linking on secretin receptor BRET. Shown are BRET ratios for COS-1 cells expressing the wild-type (WT) and alanine-or cysteinereplacement mutants of the secretin receptor in the absence or presence of competing TM IV peptide and in the absence or presence of amine-reactive (DSS) or sulfhydryl-reactive (CuP) cross-linking. The shaded area represents the nonspecific BRET signal that can be generated between Rlu-tagged receptor and soluble YFP protein or between YFP-tagged receptor and soluble Rlu (0.056), with BRET signals above this area considered significant. The data are presented as the means Ϯ S.E.M. of three to four independent experiments. The values marked with ‫ءء‬ represent BRET signals significantly different from those obtained with same receptor-expressing cells incubated without TM peptide in the absence and presence of cross-linking at the p Ͻ 0.001 level. Highlighted in the frames are the BRET signal differences between dimeric wild-type and monomeric G243A/I247A secretin receptor constructs and the absence of covalent dimers with two distinct cross-linkable constructs. (Nemethy et al., 1992) as well as an area-based entropic term. All simulations were run for 5 ϫ 10 6 Monte Carlo steps at a temperature of 500 K.
Molecular models of the intact secretin receptor (Dong et al., 2008 ) homodimeric complex were also generated. For this, the Arg 231 to Arg 255 segment of the secretin receptor representing TM IV was constructed in ICM, including the sampling and minimization of all side chain and backbone variables. A copy of this helical segment was generated; all the side chain, backbone, and five of the six positional variables of the two copies of TM IV were linked to impose a two-fold symmetry throughout subsequent modeling. Distance restraints with an upper limit of 6.5 Å were imposed between the C ␣ of Gly 243 , Ile 247 , and Ala 250 of the two TM IV units. All the positional and side chain variables were sampled in six independent runs until they converged to a single solution. The backbone variables were further minimized. This procedure has been tested on the dimerization interface of Anabaena sensory rhodopsin (Protein Data Bank 1xio; final model, 0.6 Å C ␣ root-mean-square deviation from experimental structure) and Gcn-4 leucine zipper (Protein Data Bank 1zik; final model, 0.8 Å C ␣ root-mean-square deviation from experimental structure).
To build a model of the transmembrane helical bundle domain of the secretin receptor, the "cold-spot" method was used with the crystal structure of the human ␤2-adrenergic receptor as template (Cherezov et al., 2007) . The recently reported TM bundle and loop modeling method was used (Dong et al., 2008) . The backbone variables of TM IV were fixed during the whole procedure to maintain the integrity of the dimerization interface. After simulation, a full atomic model of the transmembrane domain was constructed by connecting the helical bundle with the loops in one continuous chain. The 100 best energy conformations were retained. For each of these conformations, a second copy of the full TM helical bundle region was generated, and the dimerization interface was constructed between the two TM IV segments. All the side chains involved in the dimerization interface were minimized in the preparation of the final intact receptor homodimer model.
Results
The sequence and proposed orientation of TM IV of the secretin receptor relative to the adjacent transmembrane helices and the lipid bilayer are shown in Fig. 1 . This orientation was based on the sequence analysis of Family B G protein-coupled receptors by Donnelly (1997) , as well as sequence alignment and homology modeling with the crystal structures of rhodopsin and the ␤2-adrenergic receptor based on the cold-spot method (Frimurer and Bywater, 1999) . Both methods provided similar proposed topology and orientation of secretin receptor TM IV.
All of the cysteine-replacement secretin receptor mutants were tagged with either Rlu or YFP to enable tracking of receptor distribution and for study of receptor dimerization by BRET. It is noteworthy that both Rlu-and YFP-tagged receptors have been reported to behave similarly to wild-type secretin receptor (Harikumar et al., 2007) . All but 3 of the 14 mutants trafficked to the cell surface (Fig. 2) . The three constructs that did not reach the cell surface (G241C, W242C, and P245C secretin receptor mutants) involved mutations of residues predicted to face another transmembrane helical segment and probably resulted in aberrant helical packing and aggregation. Consistent with this, none of these three constructs displayed any recognizable secretin binding or secretin-stimulated biological activity in the intact cells (Table 1) . Intact COS cells transiently expressing each of the other cysteine-replacement mutants displayed saturable binding of cell-impermeant secretin peptide with affinities close to that of wild-type secretin receptor, and secretinstimulated biological activity with potencies also similar to that of wild-type secretin receptor (Table 1) .
We have previously established the homodimeric nature of the secretin receptor using a broad variety of techniques, including BRET and morphological fluorescence resonance energy transfer (Lisenbee and Miller, 2006) . We also applied a transmembrane segment peptide-competition assay to establish that only TM IV contributed to the dimeric receptor interface, and we reported that the simultaneous replacement of two lipid-facing residues with alanines (Gly 243 and Ile 247 ) could disrupt the complex (Harikumar et al., 2007) . Here, we have taken a systematic analysis of residues within TM IV, individually studying 11 residues within TM IV (excluding the three residues in which cysteine-replacement mutants were not active) to carefully map the dimeric interface. It is noteworthy that in addition to BRET, we have now added the approach of scanning cysteine-replacement mutagenesis with covalent stabilization using cuprous phenanthroline, and we have attempted to disrupt the complexes in a structurally specific manner using the natural TM IV peptide as an indication of the covalent nature of the disulfide bonding between the constructs. Positive controls for dimeric receptor constructs were complexes stabilized covalently by the bifunctional amine-reactive crosslinker DSS. Fig. 4 . Saturation BRET analysis of receptor cysteine-replacement mutants. Shown are the BRET saturation curves plotted as ratios of YFP fluorescence to Rlu luminescence that were observed for tagged receptor constructs studied with a fixed amount of donor and increasing amounts of acceptor. Both A239C and I247C secretin receptor constructs yielded exponential curves that reached asymptotes indicating significant oligomerization. This was disrupted to yield curves not different from a straight line when the same incubations were performed in the presence of receptor TM IV peptide. The CuP studies yielded saturable BRET signals for both constructs, and the I247C construct signal was not disrupted by TM IV peptide, whereas the A239C construct signal was disrupted, reflecting absence of a covalent disulfide bond.
The results of application of this assay are illustrated in Fig. 3 . In this assay, we only observed positive receptor BRET signals with receptor constructs capable of forming dimers; the G243A/I247A double mutant exhibited no significant BRET signal. Each of the receptor cysteine mutant constructs that trafficked to the cell surface was capable of forming a homodimeric complex, as reflected by a positive BRET signal above background. This signal was stabilized covalently using DSS, resulting in a receptor dimer that was not disrupted by competition with the TM IV peptide, in all of these constructs. In the absence of cross-linker, TM IV competition always significantly reduced these BRET signals to near background levels.
The cuprous phenanthroline treatment identified a subset of cysteine-replacement mutants that had their cysteine residues in adequate spatial approximation and appropriate geometry to form covalent symmetrical homodimers bound by disulfide bonds (Fig. 3) . These comprised those constructs with cysteines in positions 240, 243, 246, 247, and 250 that were resistant to dissociation with the TM IV peptide. It is noteworthy that mutants with cysteines in positions 239, 244, 248, and 249, immediately adjacent to residues at which disulfide bonds were established, were not covalently stabilized with the cuprous phenanthroline. It is also quite interesting that mutants with cysteine replacing lipid-facing residues in positions 235 and 236 also failed to form disulfide bonds. These are one helix turn before residue 240, which is one of the sites of successful disulfide formation. Another key control is also shown in Fig. 3 , representing the assay of cells coexpressing Rlu-tagged G243C mutant and YFP-tagged I247C mutant, both of which are capable of forming disulfidebonded symmetrical homodimers. Under these assay conditions, it was clear that the constructs formed heterodimeric receptor complexes, but there were no disulfide bonds between these two receptor constructs in these complexes. This provided further evidence of the structural specificity of the assay, without effect of cysteine oxidation independent of disulfide formation.
An additional important control was added, representing BRET titration studies to further validate the static BRET results. These have been used to distinguish a significant, saturable BRET signal from a bystander effect that could result from random interactions of donor and acceptor (Harikumar et al., 2007) . Shown in Fig. 4 is a typical assay applied to one construct representing a cuprous phenanthroline-stabilized receptor dimer (I247C) and one construct representing a homodimer not stabilized by cuprous phenanthroline (A239C). In this assay, both constructs yielded typical twophase saturation BRET curves that increased rapidly before reaching an asymptote. For both constructs, this was reduced to a single-phase curve not statistically different from a straight line when the incubation was performed in the presence of TM IV peptide. The cuprous phenanthroline incubations clearly distinguished the differential behavior of the two constructs. The presence of this reagent did not modify the saturation BRET signal for either construct, but the addition of TM IV peptide disrupted the saturation BRET signal from the A239C construct but not the I247C construct. This provides evidence that only the I247C secretin receptor construct was covalently stabilized by a cuprous phenanthroline-induced disulfide bond, with such a bond absent from the homodimeric A239C receptor construct.
The secretin receptor is a typical G protein-coupled receptor; its G protein-coupled state is recognized as the highaffinity state of the receptor (Harikumar et al., 2006a) . Indeed, the secretin competition-binding curve for the wildtype secretin receptor was shallow, reflecting both high-and low-affinity binding sites (Fig. 5) . As shown in this figure, the Table 2 . It is particularly interesting to compare the secretin competition-binding data for the mutant secretin receptor that does not form dimers (G243A/I247A) to that observed with wild-type secretin receptor (Fig. 5 and Table 2 ). The nondimerizing double mutant exhibited lower affinity binding than that observed for the wild-type receptor, with the competition-binding curve not significantly affected by GppNHp. This is consistent with less efficient G protein coupling for the nondimerizing construct. It is thus possible that the homodimeric receptor construct facilitates G protein coupling.
The other interesting feature of the dimeric, but not the monomeric, form of the secretin receptor was the clear evidence for negative binding cooperativity. The classical approach for detecting negative cooperativity is to monitor the dissociation of labeled secretin in the absence or presence of unlabeled secretin using an "infinite dilution" procedure. At the wild-type (dimeric) receptor, radiolabeled secretin exhibited essentially monophasic dissociation over the time course of the assay with a dissociation rate constant (K) of 0.33 Ϯ 0.13 min Ϫ1 (t 1/2 ϭ 2.09 min), although the beginning of an undefined slow phase of dissociation could be discerned. However, in the presence of secretin, a clear biphasic dissociation was observed with a poorly defined rapid phase (t 1/ 2ϳ0.19 min; K 2 ϭ 3.54 Ϯ 4.65 min Ϫ1 ) and a distinct slower phase with a dissociation rate of 0.14 Ϯ 0.02 (t 1/2 ϭ 4.86 min) (Fig. 6, top) . In contrast, at the nondimerizing G243A/I247A form of the receptor, dissociation of radiolabeled secretin was not altered in the presence of the unlabeled peptide; both exhibiting essentially monophasic dissociation, with dissociation constants of 0.06 Ϯ 0.02 min Ϫ1 and 0.07 Ϯ 0.02 min Ϫ1 in the absence and presence of unlabeled secretin, respectively (Fig. 6, bottom) . The cross-linking studies (Fig. 3) identified five residues of the lipid face of TM IV that supported dimer formation. These residues are located throughout the transmembrane domain with up to 60°difference in predicted rotational position. Such differences are likely to yield markedly distinct conformations, only some of which would be expected to support efficient G protein interaction. We, therefore, studied the effect of cuprous phenanthroline on the binding profile of each of the secretin receptor cysteine-replacement mutants that were able to form disulfide-bonded receptor dimers (Fig.  7) . Like wild-type secretin receptor, each of these constructs exhibited shallow competition-binding curves, reflective of both high-and low-affinity states (Table 3 ). It is noteworthy that two patterns can be readily seen for the effect of the treatment on these constructs. In one pattern, the treatment kept the receptor binding characteristics similar to the wildtype receptor (G243C, I247C, and A250C). In the other pattern, the treatment resulted in a significant reduction in the affinity value for the high-affinity state (F240C and A246C) ( Table 3 ). Exemplars of each of these two phenotypes (G243C and A246C, respectively) were subsequently evaluated for GTP dependence of the binding of cuprous phenanthrolinetreated constructs. As shown in Fig. 8 , the G243C mutant remained sensitive to GppNHp, leading to a marked decrease in affinity in the presence of this nucleotide. In contrast, the A246C mutant remained in a lower affinity conformation that was insensitive to GppNHp.
To provide a structural context for our experimental data molecular models of the secretin receptor dimer interface were generated. Modeling the structures of the isolated peptide dimeric helical structures was performed first. The TM IV segments were modeled both as ideal ␣-helices and with Pro 245 -induced bends in their centers. The lowest energy conformations of the TM IV helix dimer for both of these conformations included a left-handed crossing angle. In fact, all conformations having energies within 5 kcal/mol of the lowest attained energy for this structure had left-handed crossing angles. The separation of the ␣-helix axes was 9.3 Å for the straight helices and 8.4 Å for the bent helices. The predicted crossing angles are within the distribution observed for parallel left-handed helix pairs and the separation distances are typical for membrane proteins (Walters and DeGrado, 2006) . The concordance between the results for these two extremes of helix bending angles, namely no bend and a bend angle near the maximum observed in known membrane protein structures, suggests that TM IV helices adopt a left-handed crossing angle, independent of the helix bending angle.
Shown in Fig. 9 is a representation of the best threedimensional molecular model of the intact secretin receptor homodimeric complex. In the final model, the crossing angle between two neighboring TM IV segments is 30°, similar to that observed in the dimerization interface of Anabaena sensory rhodopsin and Gcn-4 leucine zipper. Table 4 lists the C ␤ -to-C ␤ distances between the residues along this segment that were studied in this work. It is noteworthy that those residues that were capable of forming disulfide bonds when replaced by cysteines were within 9.2 Å of each other in the intact homodimeric receptor model, whereas those that did not form such bonds were generally greater than 12 Å, with a few exceptions in which distance may have been adequate but geometry was not. It is also important that the predicted secretin-binding pocket in the receptor extracellular aminoterminal tail domain resides at the opposite sides of the dimeric interface, probably providing adequate room for each receptor protomer to bind one secretin peptide ligand. The G protein-binding site has not yet been mapped sufficiently for a family B GPCR to reliably place it in this model. The proximity of Pro 245 to the helical interface would allow it to form a flexible hinge that may contribute to conformational transitions across dimers, as has been seen in other membrane proteins (Sansom and Weinstein, 2000; Yohannan et al., 2004) 
Discussion
Although GPCR oligomerization has been reported to exist for more than 10 years (Hebert, 1996) , much remains to be understood about its structure and function. There may well be distinct themes for the different families of GPCRs. The best current understanding of this phenomenon exists for family C GPCRs, where crystal structures for covalently bonded amino-terminal domains have been solved (White et al., 1998; Kunishima et al., 2000) . Heterodimerization of some family C GPCRs has been shown to be critical for cell surface expression and for receptor function (Ciruela et al., 2001; Ferré et al., 2002) . The largest number of reports for GPCR oligomerization occurs for family A receptors (Park et al., 2004) . Here, however, there has been substantial variation in structural and functional themes reported (HernanzFalcón et al., 2004; Park et al., 2004; Salahpour et al., 2004) . Despite clear evidence for the ability of some of these GPCRs to associate, there are also clear recent evidence for receptors in this family [the ␤2-adrenergic receptor (Whorton et al., 2007) and rhodopsin (Whorton et al., 2008) ] to be fully functional in their monomeric states, where kinetics of agonist binding and G protein coupling are entirely normal. Analogous studies have not yet been reported for a family B GPCR.
Indeed, evidence is mounting that structurally specific homodimerization may be an important structural theme that has critical functional implications for family B GPCRs. This is clearly true for the prototypic secretin receptor. In recent reports, this receptor has been shown to exhibit constitutive oligomerization that is not disrupted by agonist stimulation (Harikumar et al., 2006b) . Systematic investigation of the portion of the secretin receptor that contributes to the oligomerization eliminated the amino-terminal and carboxylterminal tail regions, and established that of the seven transmembrane segments, only TM IV contributed significantly to this (Harikumar et al., 2007) . Furthermore, only the lipidexposed face of TM IV was found to be important, and two residues within that face, Gly 243 and Ile 247 , were identified as contributing (Harikumar et al., 2007) . In the current report, this initial observation has been substantially extended with the systematic evaluation of 14 residues within this segment and with the careful functional characterization of disulfide-linked cysteine replacement mutants in spatial approximation with each other. This has demonstrated key functional differences for specific structural complexes.
It is noteworthy that most of the cysteine-replacement secretin receptor mutants underwent normal biosynthesis and trafficking to the cell surface, where they were shown to be fully functional. Only mutations of three helix-facing residues, Gly 241 , Trp 242 , and Pro 245 , interfered with normal cell surface expression. All other mutants, including those tagged at the carboxyl terminus with Rlu or with yellow fluorescent protein, trafficked to the cell surface, where the cell-impermeant natural peptide ligand, secretin, was shown to bind normally and to elicit normal cAMP signals. Cells expressing the complementary tagged receptors were treated with cuprous phenanthroline, an oxidizing reagent that promotes the formation of disulfide bonds between spatially approximated cysteine residues. BRET was measured as an indication of oligomerization and was repeated after competitive disruption of oligomers with synthetic TM IV peptide to distinguish covalent from noncovalent associations between donor-and acceptor-tagged receptor constructs.
Nondisruptable BRET signals were observed for the cuprous phenanthroline-treated secretin receptor mutants in which residues Phe 240 , Gly 243 , Ala 246 , Ile 247 , and Ala 250 were replaced with cysteine, supporting the ability to form covalent symmetrical dimers for these constructs. In contrast, cysteines in positions of residues Ala 239 , Ser 244 , Phe 248 , and Val 249 , as well as two lipid-facing residues low in the helix (Gln 235 and Gly 236 ), had BRET signals disrupted by the peptide, suggesting distance and/or geometry of the cysteines that were incompatible with disulfide bond formation. Careful radioligand binding analysis revealed that secretin bound to two affinity states of this receptor, the wild-type receptor predominantly exhibiting its G protein-coupled high-affinity state and the monomeric receptor mutant residing predominantly in a G protein-uncoupled lower affinity state. Furthermore, only the homodimeric state of the secretin receptor exhibited negative binding cooperativity. Of particular note is that receptor dimers covalently stabilized through the positions of Gly 243 , Ile 247 , or Ala 250 retained the prerequisite flexibility that is required for efficient conformational transition and efficient G protein-coupling, whereas the same procedure with the Phe 240 and Ala 246 mutants stabilized the receptor into a GTP-insensitive, lower affinity state.
The three-dimensional molecular modeling of the homodimeric secretin receptors provided additional insights into potential behavior of the dimeric receptor complex. The isolated TM IV helix models established that imposition of a severe proline-induced kink in the helix, something that has not been experimentally established or refuted, had very little impact on the geometry of the dimerization interface, with all low energy models simultaneously satisfying both positive and negative experimentally derived distance restraints. The alignment of these helices was also quite similar to that in the intact homodimeric secretin receptor model.
It is also of interest that the predicted secretin peptidebinding pocket within the receptor amino terminus is at the opposite side of the receptor to the dimeric interface. This suggests that a secretin peptide should be able to bind to each of the receptor protomers in the dimeric complex, yielding a 1:1 stoichiometry. There is substantial opportunity for the amino-terminal domains of the receptor protomers to interact with each other, possibly affecting their conformations. This could contribute to the substantial negative cooperativity of secretin ligand binding observed in the dimeric wildtype receptor that was not observed for the nondimerizing dual mutant secretin receptor. Additional experimental constraints will be necessary to model the amino-terminal domains in the intact dimeric receptors in a meaningful way.
Heterotrimeric G proteins are known to interact with the cytosolic face of GPCRs, with many examples of the importance of the third intracellular loop region and portions of the second intracellular loop and carboxyl-terminal tail (Kostenis et al., 1997; Claus et al., 2006) . The most extensive analysis of this interaction involves family A GPCRs (Kostenis et al., 1997; Heydorn et al., 2004) . Much less is currently known about the G protein-binding site within family B GPCRs. With the current observation that the nondimerizing secretin receptor dual mutant had its secretin binding much less affected by GppNHp, a nonhydrolyzable analog of GTP, than that of wild-type secretin receptor, it is likely that the dimeric structure facilitates G protein binding and this is consistent with the large decrease in agonist potency observed for the nondimerizing receptor mutant in cAMP accumulation studies (Harikumar et al., 2007) . The structural basis of this is not yet clear.
This work has provided important new insights into the structure of the homodimeric secretin receptor. The structural specificity of the fully active dimer is highlighted by the two distinct phenotypes exhibited by individual disulfidebonded cysteine-replacement mutants, whereas structural modeling of the receptor-receptor interaction provides a potential mechanistic framework for conformational transition across the dimer. Further studies are required to understand the implications of this structure for G protein binding to the cytosolic face of the complex and whether these themes are consistent for other members of this physiologically important receptor family. 
